Recently, an exotic hyperuniform fluid state was proposed in some non-equilibrium overdamped systems, in which the center of mass conservation (CMC) of local interacting particles was believed to be crucial. In this work, we show that in underdamped systems, the inertia effect apparently breaks down CMC, while the system still remains hyperuniform, leading to the discovery of a general mechanism of fluidic hyperuniformity. We propose a 2D model of random-organizing hard-sphere fluids studied with a newly devised efficient even-driven algorithm. In our model, momentum-conserved collisions between particles import additional kinetic energy (activation), which is gradually dissipated by the linear friction force. With increasing the particle inertia or decreasing the friction, the system undergoes the smooth transition from an absorbing state to an active hyperuniform fluid, then to an equilibrium fluid at fixed density. Increasing the inertia also induces a crossover of the universality class of absorbing-active transition from the conserved directed percolation to its long-range mean-field scenario because of the decrease of critical density. We further formulate a hydrodynamics theory for this hyperuniform fluid, which correctly predicts the effect of inertia on the length scales of the hyperuniformity. The theory also generalizes the mechanism of fluidic hyperuniformity as the damping of the stochastic harmonic oscillator, which indicates that the suppressed long-wavelength density fluctuation can exhibit as either acoustic (resonance) mode or diffusive (overdamped) mode. Furthermore, we demonstrate how such hyperuniform fluids with controllable hyperuniform length scales can be realized using an experimentally realizable active spinners system.
INTRODUCTION
Hyperuniform structures are characterized by vanishing long-wavelength density fluctuations with the structure factor S(q → 0) = 0 [1, 2] , which includes perfectly ordered structures, such as crystals or quasi-crystals at zero temperature. Importantly, some disordered structures are also found to be hyperuniform, which have shown even better properties that crystals usually exclusively have, like isotropic photonic bandgaps that can be opened at low dielectric contrast [3] [4] [5] , and other unconventional photonic/phononic functions [6] [7] [8] [9] . In recent years, increasing amounts of disordered hyperuniform structures have been found in various systems, e.g., maximally random jamming states [10] , avian photoreceptor cell patterns [11] , prime numbers [12] , etc., which suggest new possibilities of designing robust disordered functional materials.
Disordered hyperuniformity implies long-range direct correlations in the system [1, 2] . In equilibrium, this requires delicately designed long-range interactions [13, 14] , which are challenging for experimental realizations. Recently, hyperuniformity has been found in a number of non-equilibrium dynamic states of simple particle systems, including the non-ergodic dynamically critical state [15] [16] [17] [18] [19] and ergodic fluid states [20, 21] , which shows the promise of realizing novel flowing functional materials, e.g., photonic fluids [22] . Hexner and Levine proposed a type of time-discrete overdamped randomorganizing systems, in which particles interacting with their neighbours perform active random motion, and the system undergoes an absorbing-active transition with increasing the density or activation [20] . They found that by introducing an additional center of mass conservation (CMC) of local interacting particles, the active state of the system is strongly hyperuniform (S(q → 0) ∼ q 2 ), while without CMC, only the weak critical hyperuniformity (S(q → 0) ∼ q 0.45 ) exists at the transition point [15] [16] [17] 20] . However, unlike general momentum/energy conservation, CMC is not a true conservation law in the continuous space-time, when particles have finite velocities. The violation of CMC becomes apparent in underdamped systems, in which the drift of mass center of two interacting particles occurs because of the effect of inertia [23] . This inconsistency raises the question whether there exists a general mechanism of fluidic hyperuniformity.
Absorbing-active transition in random-organzing systems has deep connections with the self-organizing criticality [24] [25] [26] [27] and has been observed in many physical systems, including colloidal particles under periodic shearing [28] [29] [30] , granular matter and amorhous solids [31] [32] [33] , vortices in superconductors [34] , magnetic skyrmions system [35] , etc. However, it is still unclear whether the universality class of the absorbingactive transition in random-organizing systems is the same as the directed percolation (DP) or conserved directed percolation (CDP) [29, 36, 37] . Moreover, the accurate critical exponents distinguishing these two universality classes were mainly obtained in overdamped lattice models [24, [38] [39] [40] . It is important to verify whether the inertia (memory) effect or additional conservation laws can change the universality class of the transition, which is critical for designing experimental realizations. Therefore, in this work, we propose a model of 2D random-organizing hard-sphere fluid, incorporating the momentum-conserved activation, linear frictional dissipation, and the inertia effect, to study the mechanism of fluidic hyperuniformity and the criticality of the absorbing-active transition in the system. We find that at a fixed density, our model exhibits a smooth transition from an absorbing state to a non-equilibrium hyperuniform fluid, then to an equilibrium fluid, with increasing the inertia of particle. By using finite-size scaling analysis, we find that the absorbing-active transition in our system with weak particle inertia lies in the universality class of CDP, while increasing the inertia induces the crossover from CDP to its long-range mean-field scenario. Moreover, we for the first time construct a hydrodynamic theory for hyperuniform fluids, which generalizes the mechanism of fluidic hyperuniformity as the damping of the stochastic harmonic oscillator. The theory indicates that the suppressed long-wavelength density fluctuation exhibits as either acoustic (resonance) mode and diffusive (overdamped) mode, which are identified in the power spectrum of local density fluctuations. Lastly, we show how the random-organizing hyperuniform fluid can be realized in an experimentally accessible 2D active spinners system.
RESULTS

Model
We consider a 2D system consisting of N hard spheres (See Fig. 1a ), in which each particle has a mass m and a diameter σ. We initialize all the particles in the system with random velocities, and particles interact (collide) with each other only through reciprocal center-to-center repulsion. When two particles collide, an additional energy ∆E is imported to the kinetic energy of the two particles, which conserves their momentum. During the simulation, the kinetic energy and momentum of each particle is dissipated continuously into the background through the linear friction force, and the equation motion of particle i between two consecutive collisions can be described as
where γ is the friction coefficient. There are two characteristic lengths in the system: i) the static mean free path (MFP) l m , which at low density can be written as
withρ = N σ 2 /V the reduced density of the system and V the 2D volume; and ii) the dissipation length l d , i.e., the typical distance that isolated activated particles can travel, which represents the strength of inertia of the particles
where we assume two particles collide with vanishing approaching velocities and v 0 = ∆E/m is the typical activated velocity to each particle. As our system only has two energy (time) -related quantities, i.e., ∆E and γ, we define ∆E and τ 0 = mσ 2 /∆E as the unit of energy and time, respectively. The typical dissipation time is τ d = (l d /σ)τ 0 . Systems with the same l m and l d are physically identical and these two characteristic lengths uniquely define the state of the system. We employ a newly-devised efficient event-driven simulation method to simulate this deterministic system with periodic boundary conditions in all directions. This method avoids numerical errors from integrating the equation of motion with discrete time step, and also provides considerable accelerations when the system approaches the absorbing critical point compared with time-driven molecular dynamic simulations (see Methods for the simulation details).
Absorbing-Active Transition
It has been shown that random-organizing systems without thermal noise can undergo a transition from an absorbing state to an active state with increasing density [15, 16, 21, 28, 29, 37] . In our random-organizing model starting with random initial particle velocities, when l d l m , a single active collision on average induces less than one further collision, which causes the exponential decay of activation events as a function of time. The system thus falls into an absorbing state with zero particle velocity. When l d l m , a single activation on average induces multiple active collisions, triggering chain reactions and leaves the system staying in an chaotic active state. In Fig. 1b , we plot the phase diagram of the system in the representation of σ/l d andρ. The solid line with open symbols shows the measured phase boundary of system, while the dashed line shows σ/l m as a function ofρ, and they are rather close to each other especially at small ρ. We perform the finite-size scaling analysis [39, 40] to accurately determine the transition points and identify the universality class of the absorbing-active transition. This method requires an activity order parameter to quantify the absorbing-active transition. In discrete space-time lattice models, the activity can be defined as the density of activated particles [40] . However, in our off-lattice system, distinguishing the activated and passive particles is difficult. Therefore, in our event-driven simulations, we define the activity of the system at a specific time t i as the dimensionless spatial-temporal ac- tivation (collision) density, i.e.,
where N colli is the number of activation (collision) events occuring in the spatial-temporal observing window, i.e., space volume V obs = V and time period ∆t obs = t i+1 − t i , averaged over all surviving trails. In discrete space-time lattice models, ψ a (t i ) is equivalent to the density of activated particles. For systems near the critical point, the saturated activity ψ ∞ a (∆ρ, L) satisfys the finite-size scaling relationship [39, 40] ,
where ∆ρ ≡ρ −ρ c withρ c the critical density of the absorbing-active transition. L ∝ √ N is the system size, and G(·) is the scaling function. The exponent ν * ⊥ in Eq. (5) usually equals ν ⊥ in the scaling relationship of spatial correlation length ξ ⊥ ∼ |∆ρ| −ν ⊥ . For systems at the critical point, i.e., ∆ρ = 0, starting from random initial configurations, ψ a (t) would follow a power-law decay t −α before reaching the saturated activity, which satisfies the simplified finite-size scaling ψ
In all our simulations, we use natural homogeneous initial configurations [41] , which have been shown to able to effectively avoid the anomalous undershooting and give a more selfconsistent α exponent compared with random initial configurations [41, 42] . In Fig. 1c , we show the evolution of ψ a (t) for systems of different system sizes L ∝ √ N at l d = √ 10σ andρ = 0.12192. We obtain α = 0.54(1) from the power-law decay of ψ a (t) and find a finite-size scaling for the saturated activity with β/ν * ⊥ = 0.78(1) (inset of Fig. 1c ). These suggest that the system is at the critical point. Moreover, at this critical state, the overall activity averaging over both surviving and non-surviving trials ψ all a (t) obeys another finite-size scaling
with F(·) the scaling function. Here z * = ν /ν * ⊥ usually equals the dynamic exponent z = ν /ν ⊥ , with ν originating from the scaling relationship of temporal correlation length, ξ ∼ |∆ρ| −ν . In Fig. 1d , we plot t In Fig. S1 , we do the same calculation for systems at l d = 10 4 σ, of which the critical density approaches the dilute limit (ρ c = 3.235 × 10 −5 ). The critical exponents we obtained for these two densities are summarized in Table I to compare with those of DP, CDP and their long-range mean-field value. For systems atρ c = 0.12192, all four critical exponents are closer to CDP rather than DP. This suggests that the absorbing-active transition in our random-organizing hard-sphere model with deterministic dynamics and inertia effect belongs to the CDP universality. For systems approaching the dilute limit, we find all exponents converge to their mean-field values, i.e., β MF = α MF = ν * ⊥,MF = z * MF = 1. The reason is that the mean free path l m , which is essentially the interaction range of particles, diverges to infinity atρ c → 0, which induces the crossover of university class from CDP to the mean-field scenario [43, 44] . Generally, for systems with a long-range interaction ∼ r −d−σ l (0 < σ l < 2), the upper critical dimension is d c = 2σ l with the corresponding ν ⊥,MF = 1/σ l [45] . 
From Equilibrium Fluids to Non-Equilibrium Hyperuniform Fluids
Our system is a driven-dissipative system. In the active state, where the average speed of the particle v is non-zero, the power of activation and frictional dissipation per particle can be written with the mean-field approximation as
where f a = v/2l m is the average collision (activation) frequency per particle. Since the dissipation is a quadratic function of v, a driving-dissipation balanced state with W disp = W driv can be reached, which leads to the kinetic temperature of the system:
with the dimensionality d = 2. In Fig. 2a , we plot k B T k /∆E measured in the simulation for systems with different l d at l m = 4.4σ (ρ = 0.1) (solid symbol) and systems with different l m at fixed
We find the two sets of data collapsing onto a single curve when l d l m , which can be written as
with the pre-factor A = 1.56. Moreover, when k B T k ∆E, we find the non-equilibrium system behaves essentially the same as the equilibrium hard sphere fluid at temperature T k . The distributions of particle velocity in x, y directions, i.e., P (v x ), P (v y ), for systems at l m = 4.4σ with different l d are shown in Fig. 2b , and we find that P (v x ) and P (v y ) are statistically indistinguishable from each other. When k B T k < ∆E, the velocity distribution is non-Gaussian, which is a typical behavior of non-equilibrium fluids [47] . With increasing k B T k /∆E, the velocity distribution gradually approaches the Maxwell-Boltzmann (Gaussian) distribu-
is independent of l m (Fig. S2) . In Fig. 2c , we plot the structure factor S(q) measured in the simulation for systems at l m = 4.4σ with different l d . When l d = 96σ, we find S(q) ∼ 1, similar to that of equilibrium simple fluids. With decreasing l d , the S(q) curve gradually bends down for the small q region and develops a deep q 2 scaling, indicating a strong hyperuniformity [20, 21] . Therefore, the strength of inertia represented by l d , or more generally, the ratio l d /l m , determines not only the absorbing-active transition point (l d l m ), but also how far the system is out of equilibrium and above which length scale the hyperuniformity occurs. 
Hydrodynamic Theory for Hyperuniform Fluids
The random-organizing hard sphere fluid has a welldefined kinetic temperature at large l d /l m ratio. This motivates us to construct a fluctuating hydrodynamic theory for this non-equilibrium fluid based on NavierStokes equations for isothermal fluids [48, 49] . The modified Navier-Stokes equations as functions of local mass density ρ and local velocity u can be written as
whereγ = γ/m is the reduced friction coefficient with p the local pressure. We assume a simple equation of state p = c 2 s ρ for the system with c s the speed of sound. σ v and σ r are the viscous stress tensor and random (noise) stress tensor, respectively, whose expressions can be found in Methods. Using the standard hydrodynamic linearization procedure (see Methods), we find the density fluctuation δρ q,ω in Fourier space satisfying
where ν is the longitudinal kinematic viscosity and σ r ,q,ω is the longitudinal component of random noise in the Fourier space. Then the dynamic structure factor of particles' positions is
where τ max is the maximum observation time [50] . Based on the kinetic theory of idea gas, i.e., ν l m k B T k /m, c s k B T k /m and Eq.(10), the static structure factor can be written as
with B = 8/A a dimensionless pre-factor. Eq. (15) implies a strong hyperuniformity scaling of S(q → 0) ∼ q 2 at q 1/l d , which is independent of l m . In Fig. 2d , the results of Eq. (15) with no fitting parameter are shown as dashed lines, which agree quantitatively with the simulation results at small q. In Fig. S3 , we also show the insensitivity of S(q) with respect to l m for low density system far from critical point. Thus, l d controls the length scales that the hyperuniformity scaling occurs. We note that this still holds when the system approaches the critical point l d l m exhibiting the critical hyperuniform scaling S(q → 0) ∼ q 0.45 (see Fig. S4 ). The hydrodynamic theory also enables us to study the dynamic modes in the hyperuniform fluids. By Solving Eq. (13) without the noise term, we obtain the dynamic modes of the density field as
When (γ + ν q 2 ) 2 − 4c 2 s q 2 < 0, the system can support acoustic (sound) modes in the region [48] 
Due to the damping frictional force, these sound modes are fast modes which decay as e −κt with damping rate
. These modes are different from the slow acoustic modes with κ 1 2 ν q 2 in equilibrium simple fluids. For our system at low density with l d l m , this acoustic region can be approximated as or q γ/c s , the system has only a diffusive mode
with the diffusion constant D = c 2 s /γ. In Fig. 2e , we plot the schematic diagram of density mode in the system. We show that when l d < l m , the system stays in an absorbing state without any dynamic mode (blue region). When l d > l m , the system has diffusive mode (red region), fast acoustic modes (green region) and fast decaying non-acoustic modes (pink region) at different q. The boundary of the acoustic region is determined by Eq. (17), which becomes less accurate (dashed line) when the system approaching the critical point l d l m . The shadow area with bottom boundary q ∼ l −1 d represents the q space region that the system has q 2 hyperuniform scaling. The hyperuniform scaling mainly occurs at the diffusive region, but there is also an overlapped area with the acoustic region in l m l −2
. Therefore, the suppressed long-wavelength density fluctuation in hyperuniform fluids can exhibit as either longwavelength diffusive or acoustic modes. As shown later, these two dynamic regions can be distinguished by different noise colors in the power spectrum of local density fluctuations.
Mechanism of Fluidic Hyperuniformity
To understand the mechanism of fluidic hyperuniformity in our generic random-organizing system, we write down the dynamic equation for density fluctuation Eq. (13) divided by q 2 into time domain:
This equation, in fact, describes a damped stochastic harmonic oscillator if we map q −2 as the mass, δρ q as the displacement,γq −2 + ν as the damping coefficient, c 2 s δρ q as the restoring force, and σ r ,q as the driving noise which satisfies σ r ,q (t)σ r ,q (t ) = 2ρ 0 ν k B T k V δ(t − t ). The average potential of the oscillator can be obtained based on the equipartition theorem [51] , if we assume the damping from a viscous thermal bath at temperature T bath , i.e.,
Here, according to the Langevin equation, T bath = ρ 0 ν k B T k V /(γq −2 + ν ). Whenγ = 0 (equilibrium fluids), this leads to the magnitude of density fluctuation S(q) = 1 N m 2 |δρ q | 2 = 1 independent of q. This is consistent with the fact that the average potential of the oscillator with fixed damping coefficient and noise is independent of its mass. Atγ > 0 , whenγq (hyperuniform scaling). With decreasing q, the oscillator crosses from the resonance (acoustic) region to the overdamped (diffusive) region, and finally has a vanishing oscillation magnitude, i.e., S(q = 0) = 0, because of the infinite damping coefficient. These two scenarios for equilibrium fluids and hyperuniform fluids in the representation of damped stochastic harmonic oscillators are described in Fig. 2e , f. The mechanism above can also be understood as that the hyperuniform fluids have a q-dependent temperature T bath which vanishes at q → 0. This special temperature property may not be captured by the non-Gaussian distribution of particle velocity.
Power Spectrum of Local Density Fluctuations
To study the dynamic properties of the hyperuniform fluid, we calculate the power spectrum of density fluctuations in a sub-domain enclosed in a circular boundary with radius R, which reflects the color of noise in the system [24, 25, [52] [53] [54] . We first introduce three characteristic frequencies (f ≡ ω/2π) in the system:
Physically, f −1 max is the typical time needed for a particle with the average velocity in system to travel a distance l m , f −1 0 is the typical time needed for a particle to diffuse over a distance R, and f f f max , we have the power spectrum of a 'red' noise
For overdamped hyperuniform fluids (γ/f max ∼ 1), or more generally, min(f 1 , f 2 1 /γ) f γ, we have a special power spectrum
This noise term is different from the f −3/2 noise found in normal diffusive particle systems [52, 53] , because of the additional conservation law in our system. Moreover, there is also a crossover region, i.e.,γ f (γf max ) 1/2 , in which the power spectrum behaves as 'white' noise
In Fig. 2d , we plot S R (f ) measured in the simulation for the same systems as shown in Fig. 2c but distinguish them by usingγ/f max . The theoretical predictions of Eq. (25) multiplied by an adjustable coefficient 0.62 is shown as dashed lines. We find that whenγ/f max is small, the system shows equilibrium 'red' noise scaling f −2 in a broad range of frequency accompanied with some acoustic peaks around f 1 . With increasing γ/f max , the acoustic peaks fade away and the special f −1/2 noise scaling gradually dominates for f γ. The white noise plateau can only be roughly seen for the case ofγ/f max = 1.5 × 10 −2 due to the finite size of our system. Comparing Fig 2c with Fig 2d, we find that the development of hyperuniform scaling q 2 in S(q) with decreasing l d is associated with the suppression of temporal fluctuation at small frequency region with increasingγ/f max . Actually the white noise region with upperbound frequency (γf max ) 1/2 ∼ c s /l d and the f −1/2 noise region with the upper-bound frequencyγ ∼ c s l m /l 2 d correspond to the acoustic and diffusive hyperuniform regions shown in Fig. 2e , respectively. The feature of these special noises provide us an additional tool to identify and study the hyperuniform fluids experimentally in the frequency domain.
Hyperuniform Active Spinner Fluids
We further consider a realistic model of N active spinners on a frictional substrate [55] (see Fig. 3a for the schematic), which can be used to realize the randomorganizing hyperuniform fluids. The active spinners systems exhibit many interesting phenomena and have been extensively studied both theoretically [55] [56] [57] and experimentally [23, [58] [59] [60] [61] [62] [63] [64] . In our model, each spinner is a dimer consisting of two spherical monomers of mass m/2 and diameter σ s , which are connected by a center-tocenter rigid bond of length l B [55] . Driven by a constant torque Ω, spinners perform self-rotating motion with the same chirality. The equations of motion for spinner i can be described via
where r i and θ i are the position and orientation of spinner i, respectively, with I = ml 2 B /4 the moment of inertia. γ r is the rotational friction coefficient, which is coupled with the translational friction coefficient γ through γ r = γl with r ij < 2 1/6 σ s , and 0 when r ij ≥ 2 1/6 σ s to mimic the excluded volume interaction between the spherical monomers of different dimmers and U (t) is the sum of all interacting pairs.
When two fast-rotating spinners collide, a part of their rotational kinetic energy is transferred to their translational freedom degree, inducing an activation collisions similar to our simplified random-organizing hard sphere model. To quantify the phase behaviour of the system, we use the average translational kinetic energy
2 m in the system to distinguish the active and absorbing state: system with vanishing k B T k < 10 −5 is considered as absorbing state otherwise active state. In Fig. 3b , we plot the phase digram of the system in the representation of Ω −1 andρ s = N σ 2 s /V . The friction coefficient γ is fixed at γ = √ m /σ s . The value of k B T k normalized by Ω for each measured point is shown as color of symbols, while the dotted line indicates the estimated absorbing-active phase boundary. The similarity between the phase diagram of the spinners system and our random organizing hard-sphere system suggests that Ω plays the similar role of ∆E to control the phase be-haviour of the system. This is because that the larger driving torque Ω produces faster rotating spinners, leading to larger energy transfer in active collisions. We also calculate the structure factor S(q) and power spectrum S R (f ) for the active-spinner system atρ s = 0.15 with different Ω. When Ω is small, we find the same hyperuniform scaling S(q → 0) ∼ q 2 and S R (f → 0) ∼ f −1/2 in the spatial and temporal domains as previously found. Moreover, to quantify the role of Ω in determining the length scale of hyperuniformity, we fit S(q) at small q region using l 2 HU q 2 with l HU the fitting parameter representing the typical length scale above which the hyperuniform scaling occurs. l HU as a function of Ω is shown in the inset of Fig. 3c , which suggests a relationship l HU ∼ Ω 0.7 . The response of S R (f ) to the increase of Ω is also similar to the response to ∆E in our random organizing model, except a smooth change of the slope of S R (f ) as Ω increases. The reason for these differences may be fact that the energy ∆E in the spinner system depends on the linear and angular velocities of two interacting spinners as well as their relative colliding angle. Therefore, ∆E is not a constant but a history dependent variable, whose effect can not be quantitatively captured by the simple hydrodynamic equations, e.g., Eq. (11) and (12) .
DISCUSSION AND CONCLUSION
In conclusion, we investigate a 2D model of randomorganizing hard-sphere fluid, in which the particles with inertia undergo momentum-conserved active collisions on a frictional substrate. We find the state of system is determined by two characteristic lengths: the typical distance that an isolated activated particle can travel l d , which reflects the strength of the inertia, and the mean free path l m of the particle associated with the density of the system. Our model exhibits a smooth transition from an equilibrium hard-sphere fluid to a nonequilibrium hyperuniform fluid as l d decreases from infinity to l m , below which the system falls into an absorbing state. By using finite-size scaling analysis, we find that the criticality of the absorbing-active transition belongs to the universality of conserved directed percolation (CDP) for systems at high density with small l d . Increasing the inertia (l d ) induces the crossover of the universality class of the absorbing-active transition from CDP to the long-range mean-field scenario due to the increase of l m , which acts as the effective "interaction range" in the system. We demonstrate that the hyperuniform fluids have a kinetic temperature which determines how far the system is out of equilibrium. This enables us to formulate a fluctuating hydrodynamic theory for these fluids, which correctly predicts that l d determines the hyperuniform scaling through S(q) q 2 l 2 d
More importantly, we demonstrate the fluidic hyperuniformity can be understood as the damping of a harmonic oscillator in contact with a thermal bath, and the suppressed long-wavelength density fluctuation exhibits as either acoustic (resonance) or diffusive (overdamped) modes. The two dynamic modes are identified in the power spectrum of local density fluctuations, which shows a transformation from normal f −2 red noise to a f 0 white noise (acoustic hyperuniform region), then to a special f −1/2 noise (diffusive hyperuniform region), as the frequency decreases. We further show how such hyperuniform fluids with controllable hyperuniform length scales can be realized using an experimentally realizable active spinners system, in which the hyperuniform scaling q 2 and the special f −1/2 noise are confirmed. We anticipate that other driven-dissipative systems with similar random-organizing mechanism can also produce the fluidic hyperuniformity, e.g., the vibrated granular monolayer which allows the kinetic energy transferring from vertical to horizontal freedom degree [65] , or the monolayer of actively deforming particles [66] (microrobots [67] or cells [68] ) on a frictional substrate.
METHODS
Event-Driven Simulation
In our event-driven simulation, the system evolves through a time-ordered sequence of active collision events. The evolution of the velocity of particle i before collision obeys
By solving this equation, we can obtain the instantaneous velocity and position of the particle i as
Define the relative distance and velocity of two particles i, j as
By assuming that the center-to-center distance between two particles at time t = 0 is ∆r 0 and two particles undergo a collision at t = ∆t, we obtain the collision condition
By defining ∆t ≡ 
which can be solved to obtain
where b ≡ ∆r 0 · ∆v 0 < 0. Only ∆t < m/γ leads to a true collision at
We assume the collision are frictionless, thus the impulses of the collision are center to center. According to the energy and momentum conservation, the velocity changes due to the active collision for particles i and j satisfy ∆v * i = −∆v * j = λ∆r ij (∆t),
where c ≡ ∆r ij (∆t) · ∆v ij (∆t) < 0 with ∆v ij (∆t) the relative velocity at contact before collision. The technical details about event-driven simulation can be found in Ref. [69] .
Linearized Hydrodynamics
In Eq. (12), the viscous stress tensor is [70] 
with η and ξ the shear and bulk dynamic viscosities, respectively. σ r is the random (noise) stress tensor with zero mean satisfying [71] σ r ij (r, t)σ r kl (r , t ) = 2k B T k δ(r − r )δ(t − t ) η δ ik δ jl + δ jk δ il − 2 d δ ij δ kl + ξδ ij δ kl .
The linearized hydrodynamic equations, which describe the density fluctuation δρ(t) = ρ(t) − ρ 0 and velocity fluctuation δu(t) = u(t) by neglecting high order terms, can be written as
ρ 0 ∂u ∂t = −γρ 0 u − c 
−iωu ,q,ω = −(γ + ν q 2 )u ,q,ω − iqc 
where ν = [ξ + η(2 − 2/d)]/ρ 0 and ν ⊥ = η/ρ 0 are longitudinal and transverse kinematic viscosities, respectively. For simple 2D monoatomic fluids(d = 2), ξ = 0 and ν = ν ⊥ = η/ρ 0 . The longitudinal and transverse components of the random stress tensor σ r and σ r ⊥ satisfy [49] σ r (r, t) σ r (r , t ) = 2ρ 0 ν k B T k δ(r − r )δ(t − t ), 
Power Spectrum of Local Density Fluctuations
In 2D, the local density of particles in a sub-domain S enclosed in a circular boundary with radius R is ρ R (t) = 1 πR 2 S dr ρ(r).
The fluctuation of ρ R (t), i.e., δρ R (t) = ρ R (t) − ρ in the frequency domain can be written as 
where J i (x) is the Bessel function of the ith kind. The power spectrum of the local density is 
withq ≡ qR. Whenb 1, orc 1, or equivalently min(f 1 , f 2 1 /γ) f , by using the asymptotic behavior J 1 (x) = 2 πx cos(x − 3π 4 ), the highly oscillating integration above can be approximated as
